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Introduction {#sec1}
============

Biophysical properties of the microenvironment, such as stiffness and topography, modulate differentiation and self-renewal ability of stem cells ([@bib11], [@bib16]). Structural features of the extracellular landscape can be mimicked *in vitro* by grooves and pores to control cell shape ([@bib9], [@bib10], [@bib14], [@bib32]). Interaction of cells with surface topography results in forces that trigger intracellular responses such as proliferation and directed differentiation ([@bib1], [@bib48]). Topographical cues are also relevant for the modulation of pluripotent stem cells (PSCs), which possess the ability to self-renew infinitely and have the potential to develop into every cell type of the human body ([@bib47]). For example, it has been suggested that mechanical stimulation of embryonic stem cells (ESCs) can mimic the embryonic microenvironment and thereby influence the expression of pluripotency markers and cell fate decisions ([@bib44], [@bib45]). Other reports showed that surface roughness affects the spreading of human ESCs ([@bib6]) and that defined structures can drive lineage-specific differentiation ([@bib26], [@bib29], [@bib35]). Nonetheless, a comparative study of how groove-ridge structures of different sizes impact on induced PSCs (iPSCs) has so far not been reported. Moreover, it remains to be elucidated whether microtopographic stimuli affect the self-organization within iPSC colonies.

It has been recently described that expression of pluripotency factors is heterogeneous within iPSC colonies and that this heterogeneity may relate to the inherent diversity of human embryonic cells prior to gastrulation ([@bib30], [@bib50]). A better understanding of how topography modulates the spatial organization of pluripotent cells is particularly relevant in early embryonic development, since it can drive the establishment of body axis and the formation of early anatomical structures ([@bib24]). Changes in the geometry of pluripotent cells might alter such cell-cell interactions and the distribution of morphogenetic factors.

In mesenchymal stem cells the transcriptional coactivators YAP and TAZ function as mechanotransducers that translate physical stimuli, such as substrate elasticities and cellular density, into control of cellular growth and differentiation ([@bib15], [@bib19]). There is accumulating evidence that YAP and TAZ are generally involved in the regulation of cellular polarity and tissue homeostasis ([@bib33], [@bib53]) and that they are crucial for the maintenance of pluripotency ([@bib28], [@bib49]). Nevertheless, it remains largely unclear whether YAP and TAZ are directly involved in interaction with the cytoskeleton and recognition of topographic stimuli ([@bib37]). Moreover, YAP and TAZ might also be involved in regulation of cell-cell interaction and spatial conformation within iPSC colonies.

In this study we have used groove-ridge structures in the submicrometer range that were generated with laser interference technology to investigate the impact of surface topography on the morphology of individual iPSCs. Moreover, we have analyzed how surface topography impacts on the organization of iPSC colonies with regard to expression patterns of pluripotency markers, activity of YAP and TAZ, and differentiation in response to morphogen stimulation.

Results {#sec2}
=======

Laser-Ablated Submicron Grooves Induce Cellular and Nuclear Elongation of Individual iPSCs {#sec2.1}
------------------------------------------------------------------------------------------

In this work we employed multibeam laser interference to structure a polyimide foil with grooves with a periodicity of 650 nm and height of 200 nm (PI 650; [Figure 1](#fig1){ref-type="fig"}A). Polyimide is a biocompatible plastic polymer with good mechanical properties ([@bib21]) and it is relatively resistant to higher temperatures, which makes it ideal for applications involving laser ablation. Atomic force microscopy (AFM) measurements of PI 650 validated the homogeneity of surface structures ([Figures S1](#mmc1){ref-type="supplementary-material"}A and S1B). These substrates were highly anisotropic compared with the flat polyimide (PI flat), as indicated by contact angle measurements ([Figure S1](#mmc1){ref-type="supplementary-material"}C) ([@bib18]). When single iPSCs were seeded on PI 650 they aligned parallel to the submicron structures and showed both cellular ([Figure 1](#fig1){ref-type="fig"}B) and nuclear elongation ([Figure 1](#fig1){ref-type="fig"}C). Fluorescence staining of individual iPSCs revealed an organized cytoskeleton with actin fibers extending along the grooves ([Figure 1](#fig1){ref-type="fig"}D). Vinculin staining indicated that focal adhesions are reduced in size and number on the structures, and possess increased aspect ratio compared with the flat material ([Figure 1](#fig1){ref-type="fig"}E). Thus, topography in the submicrometer range affects cellular and nuclear morphology of single iPSCs and modulates the focal adhesion compartment.Figure 1Submicron Grooves Affect Morphology of Single iPSCs(A) Schematic representation of the two-beam interference structuring of grooves in polyimide with a periodicity of 650 nm (PI 650).(B) Scanning electron microscopy images of individual iPSCs on flat polyimide and PI 650. Scale bars, 10 μm.(C) Analysis of cellular and nuclear aspect ratios of individual iPSCs (n = 3 independent biological replica; ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, unpaired Student\'s t test). Scale bars, 20 μm.(D) Confocal microscopy of actin (red) and vinculin (green) in single iPSCs. Arrowhead indicates elongated focal adhesions. Data are presented as mean ± SD. Scale bars, 20 μm.(E) Analysis of focal adhesions on PI flat and PI 650 (n = 3 independent biological replica; ^∗^p \< 0.05, ^∗∗∗^p \< 0.001, unpaired Student\'s t test).The dotted white arrow always indicates the direction of the grooves; nuclei are stained with DAPI (blue).

Surface Topography Impacts on the Morphology of iPSC Colonies by Directing the Cell Division Plane {#sec2.2}
--------------------------------------------------------------------------------------------------

iPSCs typically grow as tightly packed colonies, similar to epiblast cells within the developing embryo ([@bib58]). When seeded on flat polyimide substrates, iPSC colonies displayed the classical round morphology ([Figure 2](#fig2){ref-type="fig"}A) and were positive for OCT4 (*POU5F1*), NANOG, and E-cadherin ([Figure S2](#mmc1){ref-type="supplementary-material"}A). Notably, on grooves with a periodicity of 650 nm these colonies acquired an elongated shape ([Figures 2](#fig2){ref-type="fig"}A and 2B), which did not interfere with the expression of these three pluripotency factors ([Figure S2](#mmc1){ref-type="supplementary-material"}B). We also observed that the aspect ratio of elongated colonies remained constant, at about 6:1, as they grew over time, which was in a range similar to that previously observed for single iPSCs on PI 650 ([Figure 2](#fig2){ref-type="fig"}B). On the other hand, elongation parallel to grooves was scarcely observed for individual cells localized within iPSC colonies. Therefore, the mechanism of how an iPSC colony consisting of thousands of cells elongates cannot simply be attributed to elongation of individual cells. We hypothesized that the polarity of mitosis might be influenced by surface topography. In fact the plane of cell division was found to be perpendicular to the direction of the grooves already at a single-cell level ([Movie S1](#mmc2){ref-type="supplementary-material"}) and the same was observed within colonies ([Figure 2](#fig2){ref-type="fig"}C). Furthermore we observed apical actin fibers, which span above the nuclei and are orientated parallel to the submicron grooves ([Figure 2](#fig2){ref-type="fig"}D). On the other hand, the complex network of basal actin stress fibers and of actin filaments at cell-cell contacts did not seem to be modified by the structures ([Figures S2](#mmc1){ref-type="supplementary-material"}C and S2D). These results indicate that topographic surface patterns can control the morphology of iPSC colonies by directing cell division planes and orientation of apical actin fibers.Figure 2The Shape of iPSC Colonies Is Controlled by Submicron Topography(A) Phase-contrast (top) and scanning electron microscopy images (bottom) of round and elongated iPSC colonies on PI flat and PI 650, respectively. Scale bars, 40 μm.(B) Aspect ratio of the colonies either 24 or 48 hr after seeding (n = 3 independent biological replica; ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, unpaired Student\'s t test). Data are presented as mean ± SD.(C) Representative images showing how topography directs the cell division plane perpendicularly to the submicron grooves; inlay highlights a mitosis. Scale bar, 40 μm.(D) iPSCs have been stained for the actin cytoskeleton (green) and the pluripotency marker OCT4 (red) with DAPI (blue) as nuclear counterstaining. Green arrows highlight apical actin fibers. The dotted white arrows indicate the direction of the grooves. Scale bars, 20 μm.

Elongation of iPSC Colonies on Different Substrates and Structures {#sec2.3}
------------------------------------------------------------------

Subsequently, we analyzed whether similar effects on iPSC colonies were also observed on grooved structures of other dimensions or on different biomaterials. To this end, we generated submicron grooves featuring periodicities of 340 nm, 650 nm, and 1,400 nm on a polydimethylsiloxane (PDMS) by a strain-oxidation-release procedure with different air plasma oxidation times ([@bib56]). These materials are subsequently referred to as PDMS 340, PDMS 650, and PDMS 1400, respectively ([Figures S3](#mmc1){ref-type="supplementary-material"}A--S3C). AFM measurements demonstrated that the periodicity of the structures was directly related to groove depth ([Figure S3](#mmc1){ref-type="supplementary-material"}D). Single iPSCs seeded on PDMS 650 and PDMS 1400 clearly aligned along the patterns and displayed similar cellular and nuclear aspect ratios as previously observed on PI 650 ([Figures 3](#fig3){ref-type="fig"}A and 3C). Furthermore, the geometry of iPSC colonies was significantly altered by PDMS 650 and PDMS 1400, albeit to a lesser degree than on PI 650 ([Figure 3](#fig3){ref-type="fig"}B). Notably, on PDMS 340 neither individual iPSCs nor iPSC colonies were elongated and instead displayed a round shape as observed on flat PDMS. This similar threshold may indicate that the molecular processes for elongation of individualized cells and colonies are related.Figure 3Structures with Diverse Size Induced Distinct Morphological Changes in iPSCs(A and B) Confocal microscopy images of single iPSCs (A) and iPSC colonies (B) seeded on PDMS substrates that were structured with grooves of different periodicities. Cells were stained for actin (green) and nuclei (blue). The dotted white arrows indicate the direction of the submicron grooves. Scale bars, 20 μm in (A) and 50 μm in (B).(C and D) Analysis of nuclear and cellular aspect ratio for single iPSCs (C) and whole iPSC colonies (D) when seeded on the PDMS submicron-grooved substrates. Data are presented as mean ± SD (n = 3 independent biological replicates, ^∗∗∗^p \< 0.001).

Spatial Distribution of Pluripotency Markers Is Affected by Colony Geometry {#sec2.4}
---------------------------------------------------------------------------

Next we analyzed whether the geometry of iPSCs impacts on the distribution of pluripotency-related proteins within the colonies. As described before, iPSCs seeded on non-structured polystyrene coverslips or flat polyimide display higher expression of pluripotency markers at the outer region of colonies compared with the center ([Figure S4](#mmc1){ref-type="supplementary-material"}A). In iPSC colonies seeded on the PI 650, the expression pattern of OCT4 was elongated similarly to the morphology of the entire colony ([Figure 4](#fig4){ref-type="fig"}A). The same was true for NANOG, which is strongly expressed in cells at the rim of the colonies ([Figures 4](#fig4){ref-type="fig"}B and 4C). Furthermore, we observed a similar patterning in iPSC colonies seeded on flat and structured PDMS substrates ([Figure S4](#mmc1){ref-type="supplementary-material"}B). These results indicate that the geometry of the colony is relevant for the self-organized heterogeneous expression of pluripotency factors. To rule out the possibility that these effects are only observed under specific culture conditions we performed additional experiments in TeSR-E8, a chemically defined culture medium specifically developed for culture of human PSCs ([@bib5]). iPSCs cultured in TeSR-E8 displayed the same heterogeneous patterns of pluripotency markers as previously observed in iPS-Brew medium ([Figure S4](#mmc1){ref-type="supplementary-material"}C).Figure 4Submicron Structures Affect Patterning of iPSC Colonies(A) Spatial heterogeneity of OCT4 (red) expression in round versus elongated iPSC colonies as shown by immunofluorescence staining. Scale bars, 100 μm.(B and C) Confocal microscopy images showing of the distribution the pluripotency markers NANOG (green) OCT4 (red) in pluripotent colonies and upon induction with BMP4 for 48 hr on flat (B) and grooved polyimide (C). The dotted white arrows indicate the direction of the grooves; nuclei are stained with DAPI (blue). Scale bars, 100 μm.(D) qRT-PCR analysis of expression levels of *OCT4* and *NANOG* in iPSCs after exposure to 50 ng/μL BMP4 for 17 hr. Data are presented as mean ± SD. *GAPDH* was used as housekeeping gene (n = 3 independent biological replicates, ^∗^p \< 0.05).

The elongated morphology of iPSC colonies might also alter the response to biochemical signals. We have exemplarily analyzed the effect of bone morphogenetic proteins (BMPs) on the differentiation of iPSCs, since these factors play a crucial role in early embryonic differentiation ([@bib39]). Exposure to BMP4 led to decreased expression of NANOG and OCT4, which started at the rim of colonies and successively proceeded toward the cells in the center. A similar differentiation pattern was also observed in TeSR-E8 medium ([Figure S4](#mmc1){ref-type="supplementary-material"}D). Importantly, in elongated colonies the loss of these pluripotency markers was more pronounced compared with round ones ([Figures 4](#fig4){ref-type="fig"}B and 4C). Moreover, qRT-PCR analysis confirmed that OCT4 and NANOG are downregulated faster on PI 650 compared with PI flat after stimulation with BMP4 ([Figure 4](#fig4){ref-type="fig"}D). Our data indicate that changes in colony morphology, elicited by submicron surface topography, impact on differentiation patterns in response to morphogens.

We followed the hypothesis that submicron topography directly modulates the transcriptional program of iPSCs. Single iPSCs were seeded on either flat or structured polyimide, and gene expression profiles were compared after 3 days. None of the genes revealed significant differential gene expression when cells were kept under culture conditions that maintained pluripotency ([Figure 5](#fig5){ref-type="fig"}A). Additionally we analyzed gene expression changes during 2 weeks of multilineage differentiation. In the course of differentiation many genes were significantly up- and downregulated, and this was more pronounced on PI flat than on PI 650 ([Figures S5](#mmc1){ref-type="supplementary-material"}A--S5C). Furthermore, pairwise comparison of iPSCs that were differentiated on structured versus flat biomaterials revealed significant downregulation of 80 genes and upregulation of 4 genes (adjusted p \< 0.05; [Figures 5](#fig5){ref-type="fig"}B and 5C; [Table S1](#mmc1){ref-type="supplementary-material"}). Gene Ontology analysis demonstrated that differentially expressed genes were particularly enriched in the categories of extracellular matrix remodeling and tissue morphogenesis ([Figure S5](#mmc1){ref-type="supplementary-material"}D). Of note, the biggest fold change on PI 650 versus PI flat after differentiation was observed in *ANKRD1*, which is a well-characterized readout of YAP/TAZ activity ([@bib2]).Figure 5Genome-wide Analysis of the iPSC Transcriptome on Flat and Structured Polyimide(A) Principal component analysis (PCA) based on gene expression data of iPSCs in pluripotent state. The iPSC lines cluster together, whereas surface topography has little impact (n = 3 independent biological replicates).(B) PCA based on gene expression data of iPSCs after 2 weeks of differentiation on either PI flat or PI 650: cells cultured on the submicron structures have higher PC2 scores than cells of the same donor cultured on flat surfaces (n = 3 independent biological replicates).(C) Differentiation iPSCs on the two substrates resulted in significant differences of gene expression: 80 are downregulated and 4 are upregulated on PI 650 versus PI flat (n = 3 independent biological replicates; adjusted p \< 0.05, paired limma t test).

YAP and TAZ Show Distinct Localizations within iPSC Colonies {#sec2.5}
------------------------------------------------------------

The transcriptional coactivators YAP and TAZ play important roles for mechanotransduction ([@bib15], [@bib22]). Nonetheless, little is known about their function in pluripotent cells. Within iPSC colonies YAP and TAZ are predominantly localized in the nucleus, which may reflect their activity as transcription factors. Notably, during mitosis TAZ was tightly associated with condensed chromatin, whereas YAP was predominantly confined to the cytoplasm, and this was consistently observed in more than 250 cell divisions analyzed ([Figures 6](#fig6){ref-type="fig"}A, [S6](#mmc1){ref-type="supplementary-material"}A, and S6B). Furthermore, we report that TAZ, but not YAP, was associated with filamentous structures that might resemble actin fibers ([Figures 6](#fig6){ref-type="fig"}B and [S6](#mmc1){ref-type="supplementary-material"}C). Such TAZ localization was particularly evident in cells at the outer rim of iPSC colonies ([Figure 6](#fig6){ref-type="fig"}C). In contrast, YAP did not co-stain with cytoskeletal structures. These results indicate that the two paralogs TAZ and YAP might exert different functions.Figure 6Distribution of YAP and TAZ in iPSCs(A) Immunofluorescence images showing distinct distribution of YAP (green) and TAZ (red) in dividing iPSCs (white arrows). Scale bars, 20 μm.(B) Immunostainings showing the presence of the mechanotransducer TAZ (red) but not of YAP (green) in filamentous structures similar to stress fibers. Scale bar, 20 μm.(C) Confocal image displaying stronger cytoskeletal localization for TAZ (red) at the rim of an iPSC colony. Scale bar, 20 μm.(D) Immunofluorescence image showing TAZ filaments (red) spanning between focal adhesion sites (green). Scale bar, 10 μm.(E) Confocal microscopy image of iPSCs showing TAZ (red) localization at the tip of the actin fibers (green). Scale bar, 20 μm.(F) Western blot shows that TAZ is present in the protein fraction of iPSCs associated to the actin cytoskeleton.(G) Immunostaining showing YAP (green) localization in iPSCs before and after induction with BMP4 on both flat and grooved polyimide. Nuclei are always counterstained with DAPI (blue), and the dotted arrows indicate the direction of the grooves. Scale bars, 100 μm.

We subsequently wanted to further investigate the filamentous localization of TAZ. Previous studies have described such localization at cell-cell junctions ([@bib55]), whereas we also observed prominent TAZ expression close to focal adhesions of individual iPSCs ([Figure 6](#fig6){ref-type="fig"}D) and at the tip of actin filaments ([Figure 6](#fig6){ref-type="fig"}E; [Movie S2](#mmc3){ref-type="supplementary-material"}). Western blot analysis validated that TAZ was present in the protein fraction that is bound to actin ([Figure 6](#fig6){ref-type="fig"}F). To gain additional insight into the subcellular localization of TAZ, we overexpressed a TAZ-GFP fusion protein in iPSCs and analyzed it by total internal reflection fluorescence (TIRF) microscopy. This analysis confirmed that TAZ is localized in filaments within 70 nm of the basal plasma membrane ([Movie S3](#mmc4){ref-type="supplementary-material"}) at a region where recognition of topographic stimuli takes place ([@bib23]). Furthermore, the GFP-tagged TAZ revealed transient association with condensed chromatin during mitosis, as previously observed in immunofluorescence microscopy ([Movie S4](#mmc5){ref-type="supplementary-material"}). These results indicate that TAZ can interact with the actin cytoskeleton and components of focal adhesions. Interestingly, we observed that vinculin was partly detected in the nuclei of iPSCs. This was observed by immunostaining and validated by western blot analysis of subcellular fractions of iPSCs ([Figures S6](#mmc1){ref-type="supplementary-material"}D and S6E). It is therefore conceivable that nuclear transfer of vinculin is due to its association with TAZ.

YAP, on the other hand, seemed to modulate BMP4-induced differentiation in relation to the spatial organization of the colonies. Upon BMP4 exposure, YAP was predominantly confined to the cytoplasm in cells of the inner portion of the colonies ([Figure 6](#fig6){ref-type="fig"}G) while in cells of the outer rim it was exclusively nuclear. This differential localization of YAP in the middle versus outside of the colonies was also validated in TeSR-E8 medium ([Figure S6](#mmc1){ref-type="supplementary-material"}F). Morphological changes of iPSC colonies that were triggered by surface topography were also reflected in spatial expression of YAP: on polyimide with submicron structures the stimulation with BMP4 resulted in an elongated inner portion of the colony where YAP was translocated to the cytoplasm. Hence, surface topography may, either directly or indirectly, influence localization of YAP in response to morphogens, depending on the position of the target cells within the colony.

Discussion {#sec3}
==========

Surface topography guides not only morphology and migration of individual iPSCs but also impacts on the architecture and self-organization of iPSC colonies. Elongated colonies have distinct expression patterns of pluripotency markers and are more susceptible to morphogen-induced differentiation. In principle, the grooves might directly influence cellular differentiation or might exert indirect effects via reorganization of cell-cell interactions.

Different microfabrication processes can be employed to generate highly reproducible substrates with precise topographies in the submicrometer range. Laser technology, and in particular multibeam interference, is used to ablate the surface of a substrate and allows the direct structuring of most types of materials. In contrast to common laser techniques, laser interference is not limited by light diffraction and hence enables generation of subwavelength structures ([@bib3]). Production of submicron grooves in pre-strained PDMS substrates by air plasma treatment followed by their release is relatively easy to implement and is cost effective ([@bib56]). Furthermore, homogeneous patterning of the entire surface is facilitated and gradients can be obtained. The technique is initially limited to PDMS substrates, but it is possible to translate the structures into other materials by imprinting lithography ([@bib57]). On the other hand, the wrinkle or grating structures are less controlled and are more susceptible to batch-to-batch variation than surface structures generated by multibeam interference.

We demonstrate that submicron topography induces an increase in the aspect ratio of individual iPSCs and of iPSC colonies, and this was observed on polyimide and PDMS. Notably, elongation of individual iPSCs was similar in PI 650 and PDMS 650. However, iPSCs do not normally grow as dissociated cells; they persist in this state only for few hours before they undergo mitosis and grow eventually into a colony ([Movie S1](#mmc2){ref-type="supplementary-material"}). The higher aspect ratio of individualized iPSCs might impact on their actin-myosin contractility, which was shown to be responsible for reduced viability of dissociated pluripotent cells ([@bib4]). In contrast, elongation of colonies may rather be attributed to defined cell division planes and apical actin fibers, although the molecular mechanisms for mechanosensing might be the same. On PDMS 340 we did not observe elongation of individual iPSCs or colonies. It needs to be taken into account that for cell-substrate interactions not only the periodicity of the structures, but also their depth, is relevant ([@bib25], [@bib52]) as well as the elastic modulus of the material and its chemical composition ([@bib13]). Perhaps the periodicity of 340 nm is below the threshold that can be sensed by the cells, or the grooves are too shallow to be detected (about 13 nm depth). Either way, neither individualized iPSCs nor iPSC colonies seem to be affected by these very small structures. The height of PDMS 650 patterns is about 60--70 nm, which is in a range similar to the diameters of collagen fibers ([@bib20], [@bib41]); therefore, the extracellular matrix components may also feature similar topography. Furthermore, as mechanical stress is generated not only at the cell-material interface but also at cell-cell contacts ([@bib8]), the effects of surface topography are also influenced by the interplay of cells on structured materials. Traction forces between neighboring cells might mitigate the morphological changes elicited by the grooves. In fact, cells within the colonies display a more round shape, whereas individual cells revealed extensive elongation along the submicron grooves.

The higher expression of pluripotency factors at the outer region of iPSC colonies was similarly observed in two different culture media and on three different materials: polystyrene, polyimide, and PDMS. Thus, this patterning appears to be orchestrated by cell-cell interaction, rather than by material properties such as surface chemistry or elasticity. Hence, it would be interesting to compare gene expression at different regions of the same colony by laser microdissection to better understand the molecular differences. Surface topography did not interfere with pluripotency of iPSC colonies, and we did not observe significant gene expression changes when individual iPSCs were seeded on either PI flat or PI 650. These results indicate that surface structures have relatively little direct impact on the molecular makeup of iPSCs while they are in a pluripotent state.

Differentiation of iPSC colonies seems to be initiated at the rim, where the cells are more likely to undergo reversible epithelial-to-mesenchymal transition compared with those at the center ([@bib7]). It has to be taken into account that culture media have a significant impact on cellular behavior. In fact, other authors reported that BMP4-induced differentiation of human ESCs varies under different defined culture conditions for pluripotent cells ([@bib54]). However, when comparing two different commercially available media for the maintenance of iPSCs, we did not find differences in the intrinsic patterning of the colonies nor in the loss of pluripotency markers initiated by BMP4 treatment. This finding seems to be consistent with those of other studies ([@bib50]). In elongated colonies the rim region is larger as compared with round colonies of comparable size, and this might be the reason why morphogen-driven differentiation was faster in elongated colonies. Alternatively cell-cell interactions, e.g., via paracrine effects, might affect differentiation kinetics. This finding is in line with a recent study that described self-organization of cellular architecture at different developmental stages of human blastocysts ([@bib12]). Taken together, it appears likely that our submicron grooves do not directly influence differentiation but rather control the spatial conformation of iPSC colonies, which then impacts on cell fate decisions.

Several studies indicated that YAP plays an important role during lineage specification ([@bib34]). It is intriguing that upon BMP4 stimulation YAP reveals nuclear localization at the rim, whereas it is rather cytoplasmic at the center of differentiating iPSC colonies. Thus, it is conceivable that the different regions are more prone to differentiate into one or the other lineage. YAP might translate positional information in human pluripotent cells, similarly to what was previously observed in murine models ([@bib31]). Furthermore, YAP was reported to be localized in the nucleus within the inner cell mass of human blastocytes and functions as important regulator of naive state ([@bib36]). On the other hand TAZ, a YAP paralog, displayed unique spatial expression, which might indicate a different function: we describe that TAZ strongly co-localizes with actin filaments and cell-material adhesion sites in iPSCs. It is therefore conceivable that TAZ shuttles between the molecular machinery that recognizes topographical cues and the nucleus, where these stimuli are translated into the expression of specific genes.

In conclusion, surface topography in the submicrometer range affects morphology and migration of individual iPSCs. Furthermore, such structures guide the organization of iPSC colonies by directing apical actin fibers and cell division planes. Our work indicates that this indirect impact on cell-cell interaction and self-organization within iPSC colonies is relevant for differentiation processes and seems to involve the YAP/TAZ pathways. Tailored biomaterials may therefore mimic topographic cues of the extracellular matrix to modulate cell-cell interaction and thereby support directed differentiation.

Experimental Procedures {#sec4}
=======================

Two-Beam Laser Interference {#sec4.1}
---------------------------

Polyimide substrates (PI-2611, HD Microsystems) with a sample size of 20 × 20 mm were structured using a diode pumped Q301-HD Nd:YAG laser (JDS Uniphase) operating at a wavelength of 355 nm with a pulse duration of 38 ns and a coherence length of 5.2 mm, as described previously ([@bib1]). The laser output is measured with a QE12LP-S-MP energy detector (Gentec Electro Optics) and a beam profiler (Ophir-Spiricon), while the ablation area is measured by a VKX 5000 digital microscope (Keyence). The effective interference contrast was determined to be 0.72 ([@bib42]). The incidence angle of beams was set to 15.87° relative to surface normal, which results in periodicity of the interference pattern of 650 nm ([@bib43]). The topography of generated structures was assessed by a Rados N8 atomic force microscope (Bruker Corporation).

Generation and Characterization of the PDMS Substrates {#sec4.2}
------------------------------------------------------

PDMS substrates were generated as described previously ([@bib56], [@bib57]). In brief, PDMS pre-polymer and crosslinker (Sylgard 184; Dow Corning) were mixed in 10:1 ratio (w/w). PDMS substrates (9.5 × 9.5 cm, ∼1.5 mm thickness) were then stretched uniaxially to 130% of their original length. The samples were oxidized between 60 and 500 s in air plasma under pressure of 14 torr (0.2 mbar; Plasma Activate Flecto 10 USB). Removal of strain evoked wrinkle formation of different periodicities and height depending on the oxidation time. All samples were post-treated with air plasma for 10 min to ensure equal oxidation and Young\'s modulus values (62 MPa). AFM profiles were obtained using a Nanoscope V Dimension 3100 microscope (Veeco), whereas the stiffness analysis was performed on a Catalyst Nanoscoop V instrument (Bruker). Bruker SCANASYST-AIR (0.4 N m^−1^) and NP (0.017 N m^−1^) cantilevers made from silicon nitride with silicon tips were used before each measurement.

Induced Pluripotent Stem Cells {#sec4.3}
------------------------------

In this work we used two iPSC lines derived from bone marrow-derived human mesenchymal stromal cells, and one iPSC line obtained from human dermal fibroblasts ([@bib51]). Pluripotency was assessed by immunophenotypic analysis, multilineage differentiation, and Epi-Pluri-Score ([@bib27]). iPSCs were cultured in 6-well plates coated with 0.5 μg/cm^2^ of vitronectin (STEMCELL Technologies) and maintained in iPS-Brew medium (Miltenyi Biotec) supplemented with 1% penicillin/streptomycin (Life Technologies). Furthermore, we performed additional experiments with TeSR E8 (STEMCELL) to exclude that the observations were only related to specific culture conditions. iPSC differentiation was induced by addition of 50 ng/mL BMP4 (Miltenyi Biotec) for 48 hr.

Immunofluorescence Staining {#sec4.4}
---------------------------

Samples were fixed with 4% paraformaldehyde (Carl Roth) for 20 min, blocked with 1% BSA in Tris-buffered saline for 40 min, washed three times in 1× PBS (Life Technologies), and stained with primary antibody (OCT4, sc9081, Santa Cruz Biotechnology; Nanog, ab62734, Abcam; E-cadherin, AF648, R&D Systems; YAP, sc101199, Santa Cruz; TAZ, ab84927, Abcam) overnight at 4°C. All antibodies were diluted 1:50 in PBS containing 0.1% Triton X-100. Subsequently the samples were washed three times with PBS and incubated with secondary antibodies (Alexa Fluor, Life Technologies; diluted 1:200 in PBS containing 0.1% Triton X-100 and DAPI \[Molecular Probes, 1:1,000 dilution\]) for 1 hr.

Microscopy and Image Analysis {#sec4.5}
-----------------------------

Acquisition of immunofluorescence images was performed with an LSM 710 confocal microscope (Carl Zeiss). Aspect ratio analysis was performed with ImageJ (<https://imageJ.nih.gov./ij/>) by dividing the major axis by the minor axis of cells and nuclei. For focal adhesion analysis, images of vinculin staining were converted to binary images in ImageJ and then analyzed with the SOFAST plugin. Phase-contrast images were obtained using an EVOS fl microscope (Life Technologies). Scanning electron microscopy images of iPSCs were acquired with an LEO 1455 EP microscope (Carl Zeiss) on fixed cells (4% paraformaldehyde) that were coated with a gold layer using a Sputter Coater 108auto (Cressington Scientific) as described previously ([@bib1]). Time-lapse movies were taken with an Axio Observer Z1 inverted microscope (Carl Zeiss) equipped with heating stage and CO~2~ controller. For TIRF ([Movie S3](#mmc4){ref-type="supplementary-material"}), GFP-TAZ was imaged using a 100×/1.46 numerical aperture (NA) objective. GFP was excited using 488-nm laser line at 10% of its nominal output power. The depth of the evanescent field was about 70 nm. Images were acquired every 15 s using a CCD camera (Evolve; Photometrics) driven by ZEN software (Carl Zeiss). For time-lapse movies ([Movie S4](#mmc5){ref-type="supplementary-material"}), GFP-TAZ was imaged using a 20×/0.5 NA objective. GFP was excited using an HXP 120 illumination source in combination with filter set 52 (Carl Zeiss). Images were acquired every minute using a CCD camera (Evolve; Photometrics) driven by ZEN software (Carl Zeiss).

Gene Expression Profiling {#sec4.6}
-------------------------

iPSC colonies were dissociated into single cells with Accutase (Innovative Cell Technologies) and then either cultured for 3 days on vitronectin coated materials in iPSCs culture medium or for 14 days in medium that supports their spontaneous differentiation (KO-DMEM 80%, serum replacement 20%, 2 mM L-glutamine, 100 U/mL penicillin-streptomycin, non-essential amino acids 1%; all reagents from Life Technologies). Subsequently the cells were harvested and total RNA was isolated using a Nucleospin RNA plus kit (Macheray Nagel). Quality of RNA was assessed with a NanoDrop 2000 spectrophotometer (Thermo Scientific). Hybridization on Gene Chip Human Transcriptome Arrays 2.0 (Affymetrix) was performed at Life&Brain (Bonn, Germany) according to the manufacturer's guidelines. We performed normalization by Robust Multichip Average algorithm (RMA; oligo package in R) and differential expression was analyzed with paired limma t test ([@bib40]). To this end, we focused on gene with higher variance than 0.05 across different arrays, and did multiple-test correction by Benjamini-Hochberg method with cutoff of adjusted p value of \<0.05. Gene ontology analysis was performed with the gProfile tool ([@bib38]). The microarray data are accessible in the NCBI GEO (<http://www.ncbi.nlm.nih.gov/geo/>) through accession number GEO: [GSE84848](ncbi-geo:GSE84848){#intref0020}.

qRT-PCR Analysis for the Expression of Pluripotency Markers {#sec4.7}
-----------------------------------------------------------

RNA was isolated with TRIzol reagent (Sigma-Aldrich) and its quality assessed with a NanoDrop ND2000 (Thermo Scientific). cDNA was generated with a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Darmstadt, Germany). Semi-quantitative RT-PCR was carried out with power SYBR Green master mix (Applied Biosystems) for the following genes: *OCT4* (forward 5′-GGG GGT TCT ATT TGG GAA GGT A-3′, reverse 5′-ACC CAC TTC TGC AGC AAG GG-3′), *NANOG* (forward 5′-CAG AAG GCC TCA GCA CCT AC-3′, reverse 5′-ATT GTT CCA GGT CTG GTT GC-3′), and *GAPDH* (forward 5′-GAA GGT GAA GGT CGG AGT C-3′, reverse 5′-GAA GAT GGT GAT GGG ATT TC-3′).

Western Blotting {#sec4.8}
----------------

Cytoplasmic and nuclear fractions were prepared as previously described in detail ([@bib46]). In brief, cells were washed with PBS (37°C) and lysed for 10 min on ice with cytoskeleton lysis buffer (CLB; 0.5% Triton X-100, 10 mM 1,4-piperazinediethanesulfonic acid \[pH 7.4\], 150 mM NaCl, 5 mM EGTA, 5 mM glucose, 5 mM magnesium chloride, supplemented with 0.5 mM sodium fluoride, 1 mM sodium orthovanadate, and protease inhibitors cocktail). Afterward the Triton soluble fraction, corresponding to the cytosolic fraction, was collected and clarified at 10,000 × *g* for 10 min at 4°C. The cell monolayer was then washed twice with ice-cold cell lysis buffer and incubated with RIPA buffer for 15 min on ice. After the cells were scraped off, the RIPA buffer (Triton-insoluble or cytoskeletal fraction) was clarified at 12,000 × *g* for 10 min at 4°C. Both fractions were resolved by SDS-PAGE and probed by western blotting with antibodies against TAZ (1:1,000; V386, Cell Signaling Technology), actin (1:10,000; clone AC-74, Sigma-Aldrich), tubulin (clone YL1/2 \[[@bib17]\]), and vinculin (1:1,000; clone hVin-1, Sigma-Aldrich).

Generation of TAZ-GFP Fusion Protein {#sec4.9}
------------------------------------

The open reading frame (ORF) of human *WWTR1* (TAZ) was amplified by PCR from the 3xFLAG pCMV5-TOPO TAZ WT plasmid (Addgene; plasmid \#24809) using the following primers: forward 5′-AAT TAG GAA TTC CAT GAA TCC GGC CTC GGC GCC C-3′ (to introduce an EcoRI site) and reverse 5′-GAT GGA TCC CTT ACA GCC AGG TTA GAA AGG GCT C-3′ (to introduce a BamHI site). The amplified product was cloned into the pWPXL-GFP plasmid (kindly provided by Trono Lab, EPFL, Lausanne, Switzerland) to generate WWTR1-GFP. The integritiy of the ORF was verified by DNA sequencing. The pWPXL WWTR1-GFP plasmid was then transfected into HEK293T cells together with pMD2G and psPAX vectors (kindly provided by Trono Lab) to produce lentiviral particles that were used to infect iPSCs. GFP-positive clones were then manually picked and expanded.

Author Contributions {#sec5}
====================

G. Abagnale performed most of the experiments and, together with W.W., designed the study and wrote the paper. A.S. provided support with the live-cell imaging, focal adhesion analysis, and image processing. M.S. and A.G. generated and characterized the polyimide substrates. Q.Z. and P.v.R. generated and characterized the PDMS substrates. G. Aydin performed the western blots. C.S. generated the TAZ-GFP plasmid. G.M.-N. assisted in the acquisition of confocal microscopy images. C.-C.K., I.G.C., and M.Z. carried out the bioinformatics analysis. All authors contributed to the writing of the manuscript.

Supplemental Information {#app2}
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Document S1. Figures S1--S6 and Table S1Movie S1. Topography Guides Cell Division Polarity, Related to Figure 2A single iPSC on PI 650 undergoing mitosis and displaying a division plane parallel to the topography.Movie S2. TAZ Shows Typical Filamentous Staining in iPSCs, Related to Figure 4A z-stack of an iPSC colony taken with a confocal microscope with atypical TAZ localization in filaments.Movie S3. TAZ-GFP Is Present in Fibrils with iPSC, Related to Figure 4TIRF microscopy of iPSCs expressing a GFP tagged version of TAZ. The movie highlights how TAZ is localized in fibrils in living iPSCs.Movie S4. TAZ Shuttles to the Nucleus during Cell Division, Related to Figure 4In iPSCs expressing GFP-TAZ, this protein is specifically translocated to the nucleus during cell division.Document S2. Article plus Supplemental Information
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